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Abstract
The present work investigates the normal and tangential peeling behaviour of a gecko
spatula using a coupled adhesion-friction model. The objective is to explain the strong
attachment and easy detachment behaviour of the spatulae as well as to understand the
principles behind their optimum design. Using nonlinear finite element computations, it
is shown that during tangentially-constrained peeling the partial sliding of the spatula pad
near the peeling front stretches the spatula, thus increasing the strain energy and leading
to high pull-off forces. The model is used to investigate the influence of various parameters
on the pull-off forces – such as the peeling angle, spatula shaft angle, strip thickness, and
material stiffness. The model shows that increasing the spatula pad thickness beyond a
certain level does not lead to a significant increase in the attachment forces. Further, the
easy detachment behaviour of geckos is studied under tangentially-free peeling conditions. It
is found that the spatulae readily detach from the substrate by changing their shaft angle and
eventually peel vertically like a tape. Since the present computational model is not limited
by the geometrical, kinematical, and material restrictions of theoretical models, it can be
employed to analyse similar biological adhesive systems.
Keywords: Contact mechanics, nonlinear finite element analysis, van der Waals adhesion,
dry friction, gecko adhesion, peeling
1 Introduction
The underside of each digit on the gecko toes is covered by hundreds of thousands of micro-fibrils
called setae, which further branch into hundreds of nanoscale spatula-like structures [1, 2, 3].
These spatulae adhere to the substrate using intermolecular van der Waals forces [4, 5, 6]. In their
pioneering work, Autumn et al. [5] measured that a single seta of a Tokay Gecko, with proper
orientation, perpendicular preloading, and a parallel drag on the substrate, generates frictional
forces as high as approximately 200µN.
In the last two decades, researchers have extensively studied the structure, function, properties,
and applications of the gecko adhesive system [7, 8, 9, 10, 11, 12, 13]. Sitti and Fearing [14] modeled
∗Corresponding Author, email: ssg@iitg.ac.in
1
the spatuale as cantilever beams to study the effect of length, diameter, stiffness, and density. Gao
et al. [15] used finite elements with cohesive zone models to analyse the adhesion of a gecko seta.
They observed that the seta detaches when the angle between the applied tensile load and the
substrate becomes more than 30◦. Huber et al. [16] used atomic force microscopy to measure the
adhesive forces for a single seta with only four spatulae. Their load-drag-pull experiments revealed
that when the spatulae are pulled vertically the maximum pull-off force for a single spatula is close
to 10 nN.
Tian et al. [17] proposed a theoretical model for estimating the adhesion and friction forces
between a single spatula and a rigid substrate. However, they did not consider how the frictional
forces vary within the peel zone. They also did not consider the elastic loading and unloading
of the spatula as it is being pulled. Pesika et al. [18] proposed a peel-zone model similar to
Kendall’s peeling model [19] but differing in an angle-dependent multiplier. Chen et al. [20]
used the Kendall peeling model and finite element analysis to study the effect of pre-tension on
the spatula peeling characteristics such as peeling force, peeling angle, and critical detachment
angle. Begley et al. [21] presented an analytical mode that accounts for the frictional sliding of
single and double sided peeling of an elastic tape. They found that the critical force required
for peeling is higher for the case of frictional sliding than for pure sticking. Peng and Chen [22]
used an analytical model derived from the principle of minimum potential energy to examine the
effect of bending stiffness on the peeling force. Labonte and Federle [23] studied the coupling of
adhesion and friction in insects and showed that there is a linear relationship between friction
and adhesion for large friction forces. The authors proposed that the large peeling forces at small
peeling angles could be due to pre-tension arising from partial sliding close to the peeling front
during detachment of the adhesive pads. Kim and Varenberg [24] studied how the pulling angle
influences the normal and tangential components of the pull-off force for wall-shaped adhesive
microstructures using Kendall’s peeling model [19]. Peng et al. [25] studied the peeling behaviour
of finite length thin-films using both theoretical and finite element models. They observed that
unlike classical peeling models like Kendall’s, which consider infinite film length, finite film length
models lead to steady-state peeling process depending on the initial adhesion length. A detailed
review of many adhesion and friction models of geckos along with advancements in gecko inspired
synthetic adhesives can be found in the review papers by Kwak and Kim [26], Jagota and Hui [27],
Zhou et al. [28], Kasar et al. [29], Seale et al. [30], Russell et al. [31], and Labonte and Federle
[32].
Analytical models, based on simplified seta/spatula geometries combined with linear deforma-
tion behaviour offer limited insight into the details of seta and spatula adhesion, deformation, and
stresses [33]. Therefore, Sauer [34, 35] presented a nonlinear multi-scale frame work for studying
seta and spatula adhesion based on the coarse-graining of van der Waals interaction [36]. The
multi-scale model was improved by Sauer and Holl [37], by accounting for the detailed 3-D spatula
geometry. Using a geometrically exact finite beam model [42], Sauer [38] studied the effect of
bending stiffness on spatula adhesion. Peng et al. [39] employed a cohesive zone model to study
the influence of different parameters on the peeling behaviour of a spatula. Cheng et al. [40]
examined how a non-uniform pre-tension is generated when the spatula slides on the substrate
during attachment. Gautam and Sauer [41] analysed gecko adhesion using a dynamic FE model.
Using the geometrically exact beam formulation of [42], Mergel et al. [43] showed that the optimal
shape of a peeling strip is similar to that of a gecko spatula. Mergel and Sauer [44] extended the
study to incorporate tangential contact. A detailed review of different computational methods
used for solving adhesive contact is presented in [45].
The frictional behaviour of gecko setae is unlike other materials. When the setae are dragged
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proximally (towards the animal) along their natural curvature it results in tensile loading of the
seta and yet under these tensile loads they display strong static and kinematic friction that dis-
agrees with the Amontons’ law [46]. In many of the analytical and computational models of gecko
adhesion, the effect of friction is neglected. But it is known from experiments [5] that at small an-
gles, the large adhesion forces that the gecko generates are determined mainly by frictional forces.
Friction in general, emerges from different mechanisms at the molecular level. Major mechanisms
that contribute to friction are: interlocking, wear, plastic deformation, adhesion, asperity defor-
mation, viscous dissipation, and fracture [47]. Therefore, a number of studies attempted to model
friction due to adhesion. In the current work, the focus is on coupling of adhesion and friction,
which is a major factor in gecko adhesion [46].
Derjaguin [48] generalized Amontons’ law of friction to include an additional parameter to
account for adhesion. Majidi et al. [49] proposed a friction model based on this generalized
Amontons’ law for microfiber arrays. In their description, the frictional force is related to the
normal load, through an effective friction coefficient µeff that is a function of the sliding friction
coefficient between the bodies and the interfacial shear strength per unit area τ . Gravish et al.
[50] studied the effect of sliding velocity on setal adhesion. They found that the setae became
more sticky with increasing velocity. Puthoff et al. [51] studied the effect of material properties
and atmospheric humidity on dynamic friction characteristics of natural and synthetic gecko setal
arrays. Classical van der Waals interaction can be described by the Lennard-Jones potential
and this does not contain any frictional contribution. Jiang and Park [52] used an additional
“frictional potential” to describe the friction properties of layered materials. Many researchers
have used cohesive zone models [55, 53, 54] with friction according to Coulomb’s law to analyze
sliding friction. Recently, Mergel et al. [56] have developed two new continuum contact models for
friction due to adhesion that can capture sliding friction even under tensile loads. The first model,
“Model DI”, assumes that the sliding traction during adhesion is independent of the normal
distance and is equal to a constant frictional shear strength, which is related to the maximum
adhesive traction. In their second model, “Model EA”, the sliding traction varies with the normal
distance and is dependent on the normal traction.
From the literature presented, which is by no means is an exhaustive list, it is clear that there
are considerable efforts dedicated to modeling, understanding, and explaining coupled adhesion
and friction in geckos. However, existing models have many shortcomings due to the intrinsic
complexity of the gecko’s hierarchical adhesion system. One of the aspects of gecko adhesion
that has not yet been fully explored is the coupling of adhesion and friction at the spatula level.
As such, the present work aims to model and understand coupled adhesion and friction in gecko
spatula peeling. The peeling behaviour of a gecko spatula is studied here through a computational
model. To the best of our knowledge, there has been no earlier detailed computational study in the
literature that explores the coupling of adhesion and friction in gecko adhesion. For the present
study, a combination of the adhesion model of Sauer and Li [36] and the friction model “Model
EA” proposed by Mergel et al. [56] is used. A two-dimensional strip is considered to represent the
gecko spatula as done by many other researchers [17, 20, 39]. The peeling of the strip is simulated
within a nonlinear finite element framework.
2 Mathematical Formulation
In this section, the computational formulation for adhesive frictional contact between the spatula
and a flat rigid substrate is presented. The coarse grained contact model (CGCM) of [36] is used.
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The contribution of tangential friction due to normal adhesion forces is derived from one of the
coupled adhesion and friction models viz.“Model EA” of [56].
2.1 Weak Form
The weak form governing the interaction of the deformable spatula with the rigid substrate can
be written as ∫
Ω
grad(δϕ) : σ dv −
∫
∂cΩ
δϕ · tc da− δΠext = 0 , ∀ δϕ ∈ V, (1)
where V represents the space of kinematically admissible variations of deformation field ϕ, and
δΠext denotes the virtual work of the external forces acting on the spatula. ϕ is defined as the
motion mapping any arbitrary point X in the reference configuration Ω0 of the spatula to the
deformed current location x ∈ Ω and is given by x = ϕ(X).
The first term in Eq. (1) represents the internal virtual work of the Cauchy stress tensor σ.
For elastic material behaviour, this can be obtained from the variation of the internal energy Πint
[37]
Πint =
∫
Ω0
W (F ) dV . (2)
In this study, a nonlinear Neo-Hookean material is considered, for which the strain energy
density function W is given by
W (F ) =
Λ
2
(lnJ)2 +
µ
2
(
tr(FF T)− 3) − µ ln J, (3)
where F = Grad(ϕ) denotes the deformation gradient and J = det(F ) the volume change. Λ and
µ are the Lame´ constants and are given as [57]
µ =
E
2 (1 + ν)
, Λ =
2µ ν
(1− 2ν) . (4)
The contact traction tc in the second term of Eq. (1) is equal to the sum of the tractions due
to adhesion, ta, and friction, tf , i.e.
tc = ta + tf . (5)
Sauer and Li [36] defined the following two material parameters that govern weak form (1),
γW =
E(
AH
2π2 r30
) , γL = R0r0 , (6)
where E and R0 represent an energy density (or stiffness) and a global length scale chosen for the
system, respectively. Here, AH denotes Hamaker’s constant, and r0 is the equilibrium distance of
the original Lennard-Jones potential [58]
φ(rd) := ǫ
[(
r0
rd
)12
− 2
(
r0
rd
)6]
, (7)
where ǫ is an energy scale and rd is the distance between two points in the interacting bodies.
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The second parameter in Eq. (6), γL, is the ratio of the global length scale R0 used to nor-
malize the geometry and the local length scale r0. From the definitions, it can be seen that, γW
characterises the material stiffness in relation to the strength of adhesion, whereas γL characterises
the overall size of the geometry with respect to the range of adhesion.
It should be noted that γW and γL are related to the dimensionless Tabor parameter [59]
µTabor =
(
3
√
15 π
8
)2/3(
γL
(γW)
2
)1/3
. (8)
2.2 Adhesive and Frictional Tractions
The adhesive contact traction ta is obtained from the variation of the adhesive contact potential
as [33]
ta = ta np , ta =
AH
2πr30J1J2
[
f1
45
(
r0
rs
)9
− f2
3
(
r0
rs
)3]
, (9)
where f1 and f2 are curvature dependent parameters of the interacting surfaces and rs denotes the
distance between the spatula and the substrate. Further, J1 and J2 represent the volume change
of the spatula and the substrate at the surface, respectively. In the current work, as the substrate
is considered rigid, J2 = 1. Further, np denotes the surface orientation of the substrate and is
constant for flat surfaces. The adhesive traction can also be written with respect to the reference
configuration, giving
T a = Tanp , Ta =
AH
2πr30J2
[
f1
45
(
r0
rs
)9
− f2
3
(
r0
rs
)3]
. (10)
To avoid ill-conditioning, the adhesive traction is regularised for very small normal gaps rs −→
0. This is done by the linear extrapolation [56]
Ta(rs) =
{
Ta(rs), rs ≥ rreg,
Ta(rreg) + T
′
a(rreg)(rs − rreg) rs < rreg,
(11)
where rreg is a regularisation distance and is chosen to be equal to equilibrium distance req [56].
T ′a indicates the derivative of the adhesive traction Ta with respect to rs and is given as
T ′a(rs) =
∂Ta(rs)
∂rs
= − AH
2πr40
[
1
5
(
r0
rs
)10
−
(
r0
rs
)3]
. (12)
To obtain the contribution of friction due to normal adhesive forces, “Model EA” of [56], is
used. If the magnitude of the tangential traction Tf = ‖T f‖ exceeds a certain sliding threshold
Tslide, the surfaces no longer stick together and start sliding. Before defining the sliding threshold,
a cut-off distance rcut, which is the distance up to which the frictional forces are active between
the interacting surfaces, is defined as
rcut = scut rmax + (1− scut) req, scut ∈ [0, 1] , (13)
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where rmax is the distance at which the adhesive traction Ta given by Eq. (10) reaches the global
minimum (maximum attraction) and req is the equilibrium distance where the adhesive traction
becomes zero, see Figure 1. Then, the sliding threshold is defined as (see Figure 1),
Tslide(rs) =


µs
Jcl
[Ta(rs)− Ta(rcut)] , rs < rcut,
0, rs ≥ rcut,
(14)
where Jcl is the local surface stretch of the neighbouring body (= 1 if the neighbouring body is
rigid). For biological adhesives, the static friction coefficient takes similar values as the kinetic
friction coefficient [56]. As such, in this work, it is assumed that the value of the friction coefficient
µs is the same for sticking and sliding.
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Figure 1: Variation of adhesive traction Ta and sliding threshold Tslide with the normal distance rs
according to adhesive friction model “EA” of Mergel et al. [56]. Here, T0 = AH/(2pir
3
0), µs = 0.3, and
scut = 1.
Then, the tangential contact traction T f(rs, rT) is a function of both normal gap rs and
tangential slip rT and depending on whether the bodies are sticking or slipping, it satisfies the
following condition
‖T f(rs, rT)‖
{
= Tslide for sliding,
< Tslide for sticking.
(15)
Frictional laws are often formulated in analogy to constitutive equations describing elasto-
plasticity in continuum mechanics [60]. Therefore, the tangential gap is assumed to consist of a
sticking part reT, corresponding to the elastic deformation and a sliding part r
s
T, corresponding to
inelastic or plastic deformation, i.e.,
rT = r
e
T + r
s
T . (16)
A linear force-gap dependence during sticking is used to calculate the tangential traction, which
corresponds to a penalty regularisation of the sticking constraint as
T f = −εTreT , (17)
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where the εT is equivalent to the elasticity modulus. To determine the gap r
s
T due to sliding, an
evolution equation is required, which is derived from the principle of maximum dissipation. The
dissipation due to the plastic slip rsT and the relative plastic tangential velocity r˙
s
T is given as
Ds = −T f · r˙sT ≥ 0 . (18)
Next, consider a domain of feasible contact tractions
Et := {T f ∈ R2 | fs(T f) ≤ 0} , (19)
where the set fs contains all the possible tangential tractions T
∗
f that satisfy,
fs = ‖T ∗f ‖ − ‖T slide‖ ≤ 0 . (20)
According to the principle of maximum dissipation: for the given inelastic/plastic slip velocity
r˙sT, the true tangential traction T f resisting the sliding motion is such that it maximizes the
dissipation Ds [60] i.e.,
(T f − T ∗f ) · r˙sT ≥ 0 ∀ T ∗f ∈ Et , (21)
which leads to the constitutive evolution equation for the plastic slip,
r˙sT = γnT with nT =
T f
‖T f‖ , (22)
where the parameter γ ≥ 0 is computed from the Karush-Kuhn-Tucker conditions of plasticity
given by
γ ≥ 0, fs(T f) ≤ 0, γ · fs(T f) = 0 . (23)
For solving Eq. (20) and Eq. (22), a predictor-corrector algorithm is used, see Algorithm 1.
The approach is similar to classic friction algorithms [60].
Algorithm 1: Predictor-Corrector algorithm for adhesive friction with rigid sub-
strates.
1. Known values at pseudo-time t, t+∆t: rtT, r
t+∆t
T , (T a)
t+∆t
2. Compute trial step (Predictor): (T f)
t+∆t
tr = −εT
[
(rT)
t+∆t − (rsT)t
]
(fs)
t+∆t
tr =
∥∥(T f)t+∆ttr ∥∥ − ∥∥(T slide)t+∆t∥∥
3. Check: if (fs)
t+∆t
tr ≤ 0 then
sticking; set ∆γt+∆t =
∥∥(T f)t+∆ttr ∥∥ − ∥∥(T slide)t+∆t∥∥
−εT = 0;
go to step 5.
elseif (fs)
t+∆t
tr > 0 then
sliding ; go to step 4.
4. Radial return mapping (Corrector):
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Solve (fs)
t+∆t
tr = 0 for ∆γ˙
t+∆t
go to step 5.
∆γt+∆t =
∥∥(T f)t+∆ttr ∥∥− ∥∥(T slide)t+∆t∥∥
−εT
5. Update: (T f)
t+∆t = (T f)
t+∆t
tr −∆γt+∆t ǫTnt+∆tT
where nt+∆tT =
(T f)
t+∆t
tr∥∥(T f)t+∆ttr ∥∥
(rsT)
t+∆t = (rsT)
t + ∆γt+∆t nt+∆tT
go to step 1.
3 Finite Element Formulation
Next, the finite element (FE) formulation used for the coupled adhesion-friction model, which
is employed to analyse the peeling of a gecko spatula from a flat rigid substrate, is presented.
Further, the surface enrichment strategy used in the FE discretization is also discussed. It should
be noted that this is a deterministic formulation.
3.1 FE discretization of the weak form
The weak form in Eq. (1) is discretized using the finite element method. Therefore, the spatula is
discretized into a number of volume and surface elements containing ne nodes (= nve for a volume
element and nse for a surface element, respectively). In each element, the displacement field u
and its variation ϕ is then approximated by the interpolations
u(x) ≈ Ne(x)ue, δϕ(x) ≈ Ne(x)ve , (24)
where ue and ve are the nodal displacement and variations of element e, and the matrix Ne is a
matrix formed by ne shape functions of the element and is given by
Ne = [N
e
1I, N
e
2I, ... N
e
neI] , (25)
where I represents the identity tensor.
Using the relations in Eq. (24) and performing an assembly over all the volume and surface
elements, the weak form in Eq. (1) can then be rewritten into
vT [fint + fc − fext] = 0, ∀ v ∈ Vk , (26)
where fint, fc, and fext denote the global internal, contact, and external nodal force vectors, respec-
tively. In the current work, as there are no external forces acting on the spatula fext = 0.
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Since, the the variations v are arbitrary, Eq. (26) leads to
f(u) := fint + fc − fext = 0 . (27)
The global nodal force vectors in Eq. (27) are obtained from assembling the individual elemental
contributions.
The elemental internal force vector f eint acting on element Ω
e is given as
f eint =
∫
Ωe
BTe σ dv, (28)
where Be is an array that contains the derivatives of the nve number of shape functions [61] and
σ is the Cauchy stress tensor given by [57]
σ =
Λ
J
(lnJ) I +
µ
J
(FF T − I) , (29)
and arranged in Voigt notation to suit Eq. (28). Introducing a modified shear modulus: µ∗ :=
µ− Λ ln J , the spatial elasticity tensor of the Neo-Hookean material can be written as
C =
Λ
J
I ⊗ I + 2µ
∗
J
I , (30)
where I represents the fourth-order symmetric identity tensor, whose components can be expressed
in terms of the Kronecker delta: Iijkl =
1
2
(δikδjl + δilδjk).
The spatial elasticity tensor C can be written in Voigt notation as
Cv =
1
J


2µ∗ + Λ Λ Λ 0 0 0
Λ 2µ∗ + Λ Λ 0 0 0
Λ Λ 2µ∗ + Λ 0 0 0
0 0 0 µ∗ 0 0
0 0 0 0 µ∗ 0
0 0 0 0 0 µ∗


(31)
The elemental contact force vector acting on ∂cΩ
e is given as
f ec = −
∫
∂cΩe
NTe tc da , (32)
which can be transformed to the reference configuration using Nanson’s formula,
ns da = JF
−TN s dA , (33)
where da denotes the surface element of the spatula with the orientation ns in the deformed
configuration ∂cΩ
e, and dA denotes the corresponding surface element with the orientation N s in
the undeformed reference configuration ∂cΩ
e
0. Then Eq. (32) becomes,
f ec = −
∫
∂cΩe0
NTe Θ T c dA , (34)
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with
Θ := −np · F−TN s , (35)
where np denotes the surface orientation of the substrate and is constant for the flat, rigid substrate
considered in the current work. Also, for gecko adhesion Θ can be approximated as unity as shown
by Sauer and Wriggers [33].
The elemental contact force vector in Eq. (34) can then be written as the sum of the contribu-
tions of the elemental force vectors due to normal adhesive traction T a and tangential frictional
traction T f
f ec = −
∫
∂cΩe0
NTe T a dA −
∫
∂cΩe0
NTe T f dA . (36)
The nonlinear equation in Eq. (27), is solved iteratively using the Newton-Raphson method.
Therefore, the tangent stiffness matrix kec is formed by the elemental contributions and is given
by (see [33] for a detailed derivation)
kec =
∂f ec
∂ue
= −
∫
∂cΩe0
NTe
(
∂T a
∂x
+
∂T f
∂x
)
Ne dA . (37)
The derivatives of the adhesive and frictional tractions in Eq. (37) are given as
∂T a
∂x
=
∂Ta(rs)
∂rs
np ⊗ np . (38)
∂T f
∂x
=


−εT ap ⊗ ap for elastic step i.e., sticking ,
∂Tslide
∂rs
nT ⊗ ap for inelastic step i.e., sliding .
(39)
3.2 Enrichment strategy
As discussed by Sauer [62], in solving a strip peeling problem for the case of strong adhesion,
numerical difficulties arise because of the highly nonlinear nature of the van der Waals forces.
For coarse finite element meshes, the use of four-noded quadrilateral elements can lead to poor
convergence in the Newton-Raphson iterations. These issues can be resolved by using a very fine
mesh, which lead to undesirably high computational cost. In order to address this issue, Sauer [62]
introduced surface enriched FE based on p-refinement with fourth order Lagrange polynomials,
denoted as Q1C4. This is employed in the current work. This means that, the contact elements
of the spatula are discretized with Q1C4 finite elements whereas the bulk of the spatula domain
is discretized using standard quadrilateral finite elements (denoted as Q1).
The formulation for Q1C4 elements is developed from standard Q1 elements for which the
displacement fields in an element are given as uhe =
∑4
i=1N
0
i ui. The shape functions N
0
i , for Q1
element, are given as
N01 (ξ, η) =
1
4
(1− ξ)(1− η) , (40)
N02 (ξ, η) =
1
4
(1 + ξ)(1− η) , (41)
N03 (ξ, η) =
1
4
(1 + ξ)(1 + η) , (42)
N04 (ξ, η) =
1
4
(1− ξ)(1 + η) . (43)
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Figure 2: A schematic representation of Q1C4 enriched element and its corresponding mapping to
physical space. (Adapted from Sauer [62])
In the formation of Q1C4, three extra nodes are inserted at (ξ, η) = (0,−1), (−0.5,−1), and
(0.5,−1) as shown in Figure 2, and the additional shape functions are defined as
N5(ξ, η) = 2
(
ξ4 − 5
4
ξ2 +
1
4
)
(1− η) , (44)
N6(ξ, η) = −4
3
(
ξ4 − 1
2
ξ3 − ξ2 + 1
2
ξ
)
(1− η) , (45)
N7(ξ, η) = −4
3
(
ξ4 +
1
2
ξ3 − ξ2 − 1
2
ξ
)
(1− η) . (46)
Then, with N03 and N
0
4 remaining same, the following modified shape functions are obtained
for the enriched surface element
N1 = N
0
1 −
1
2
N5 − 3
4
N6 − 1
4
N7 , (47)
N2 = N
0
2 −
1
2
N5 − 1
4
N6 − 3
4
N7 . (48)
With this, the displacement field in the interior of the surface element is interpolated as
uhe =
7∑
i=1
Niui . (49)
4 Spatula Model
The spatula is modelled as a thin two-dimensional strip in plain strain, similar to many studies in
the literature [17, 20, 39]. As such, the words “strip” and “spatula” are used interchangeably in
the following text.
4.1 Model parameters
The dimensions of the strip are L×h (with L = 200R0, h = 10R0 where R0 = 1nm is introduced for
normalization) as shown in Figure 3 [62]. The bottom 75% of the strip surface (“AE” in Figure 3)
is assumed to be in adhesion. Hence, “AE” is assumed to represent the pad of the spatula while
“EC” is assumed to represent the spatula shaft. The area of the gecko spatula pad is taken as,
Apad = 49, 524R
2
0 [37]. Then the average width of the spatula pad becomes w = 330.16R0.
11
Figure 3: A deformable strip on a rigid substrate.
The material of the strip is taken to be an isotropic non-linear Neo-Hookean material (see
Eq. 2). The default values for Young’s modulus and Poisson’s ratio are taken as E = 2 GPa and
ν = 0.2, respectively [17, 37]. The corresponding forces are calculated using Eqs. (10) and (15)
with r0 = 0.4 nm and AH = 10
−19 J. The values considered for E, AH, and r0 correspond to the
gecko spatula material and the associated adhesion energy [17, 37, 41]. This results in γW = 25.266
and γL = 2.50 according to Eq. (6). The friction coefficient is taken as µs = 0.3 in agreement with
experimental data on gecko seta friction on glass surfaces [5, 6, 46].
The strip is discretized into 240×12 quadrilateral finite elements along the x and y directions.
Enriched contact finite elements, Q1C4, are used at the contact interface [62] and the bulk of the
domain is discretized using standard quadrilateral finite elements. This particular finite element
discretization has been shown to be very accurate for peeling computations [62]. Plane strain
conditions are considered in all simulations.
4.2 Application of peeling
Peeling can occur in two ways: tangentially-constrained peeling and tangentially-free peeling.
Next, each type is described.
1. The tangentially-constrained peeling of the strip is effected by applying a displacement u¯ to
the right end of the strip (CD) - resting in its initial configuration - at an angle, which is
denoted as the peeling angle θp as shown in Figure 4a.
The displacement u¯ is applied such that ux = u¯ cos(θp) and uy = u¯ sin(θp). As a result, right
end CD is constrained in the tangential direction. For a spatula, this essentially translates
into constraining the tangential movement of the spatula shaft. Due to this, the direction
of resultant force Fres is different from the applied displacement u¯.
2. In case of tangentially-free peeling (examined in section 5.5), The displacement u¯ is applied
only in the y-direction i.e. perpendicular to the substrate. As such, the lateral displacement
of the shaft i.e. right end CD is not constrained. Hence the resultant force Fres is parallel to
the applied displacement u¯.
5 Results and Discussion
In this section the numerical results of the spatula peeling are presented. The normal (adhesive)
and tangential (frictional) components of the resultant pull-off force Fres corresponding to the
applied displacement u¯ are denoted by FN and FT, respectively. First, the numerical results for
the case of tangentially-constrained peeling are presented and the effect of various parameters
12
(a) Peeling by applied displacement u¯ from the undeformed configuration. The inclination of u¯, θp, is
denoted as the peeling angle.
(b) Peeling by applied rotation θ and then applied displacement u¯. Here, θsh denotes the angle between
the cross-section normal nˆ and the substrate, while α denotes the angle between the resultant force Fres
and the substrate.
Figure 4: Application of peeling.
– such as the peeling angle θp, shaft angle θsh, strip thickness h, and material stiffness – on the
peeling behaviour is discussed in sections 5.1 to 5.4. It should be noted that for this type of peeling
the resultant force angle α, which is the angle between the resultant force vector and the substrate,
can be calculated as tan−1 (FN/FT) (see Figure 4b). The resultant force angle α is different from
the peeling angle θp. This is due to the fact that the strip has non-zero bending stiffness and is
restricted laterally as is noted in section 4.2. The results for the case of tangentially-free peeling
are presented in section 5.5.
5.1 Description of the peeling curve
The peeling of the spatula from the substrate for any given peeling angle can be divided into
two phases. This can be illustrated with the help of Figure 5, where the evolution of the normal
pull-off force and the dimensionless strain energy (see Eq. (2)) with the applied displacement u¯
for θp = 60
◦ are shown. The first phase is from the point of zero pull-off force (denoted by “A”)
to the maximum value of the pull-off force (denoted by “C”). The second phase is from point
“C” to the point at which the spatula pad snaps-off from the substrate (denoted by “E”). The
corresponding points on the strain energy curve are denoted by “a” to “e”. Figure 6 shows the
strip deformation at the displacements marked in Figure 5.
In the first phase, the spatula remains in partial sticking contact and is being continuously
stretched while peeling (Figures 6a and 6b). Moreover, in this phase, a part of the spatula pad
behind the peeling front, that is still in contact, starts sliding as the spatula is pulled by the
applied displacement. However, the rest of the spatula pad remains in sticking contact. This leads
to stretching of the spatula, resulting in an increase in the stored strain energy of the spatula
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Figure 5: Evolution of the normal pull-off force FN and strain energy (see Eq. (2)) with the applied
displacement u¯ for peeling angle θp = 60
◦. Here, ER30 = 2 nN·nm.
(a) u¯B = 16 nm (b) u¯C = 31 nm
(c) u¯D = 56 nm (d) u¯E = 79 nm
Figure 6: Deformed configurations of the strip for peeling angle θp = 60
◦ at the applied displacements
u¯ marked in Figure 5 (B to E). Up to u¯C the spatula remains in partial sticking contact. Full sliding
ensues beyond u¯C. The colorbar shows the normalised stresses I1/E = tr(σ)/E.
as shown in Figure 5. As a result, this increases the force required to peel-off the spatula from
the surface. After reaching the force maximum, the spatula pad is fully sliding during peeling
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(Figures 6c and 6d). In this second phase, the strain energy that has been stored during the first
phase, is gradually released (see Figure 5). As the displacement is applied beyond the point “e/E”
the remaining part of the spatula pad immediately snaps-off from the surface releasing all the
stored strain energy. At point “f/F” the spatula is completely peeled off the surface.
5.2 Influence of the peeling angle
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Figure 7: Evolution of the normal pull-off force FN with the applied displacement u¯ for different peeling
angles θp.
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Figure 8: Evolution of the tangential pull-off force FT with the applied displacement u¯ for different
peeling angles θp.
The evolution of the normal (FN) and tangential (FT) (which is equal to the interfacial friction
force Ff) components of the pull-off force with the applied displacement u¯ from initial configuration
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is shown in Figures 7 and 8. For all cases, both normal and tangential force increase up to a
maximum value, and then decrease after that, and this maximum value decreases with increasing
peeling angle. This can also be seen from Figure 9, where the maximum values of the normal
component FN, tangential component FT, and the resultant pull-off force Fres (occurring at point
C in Figure 5) for different peeling angles are plotted. It can be observed that the friction force is
the major contributor to the total force generated by the spatula. The maximum normal (FmaxN )
and frictional force (FmaxT ) values of approximately 174 nN and 1723 nN, respectively, are observed
for θp = 10
◦.
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Figure 9: Evolution of the maximum pull-off force with peeling angle θp.
As mentioned in section 5.1, the stretching of the spatula increases the strain energy and, as
seen in Figure 10, this increase is much higher when the spatula is pulled at low peeling angles
as compared to high peeling angles. From these results combined with those in Figures 7, 8,
and 9 it can be stated that the stretching of the spatula due to partial sliding close to the peel
front leads to the increase in pull-off forces at small peeling angles. These results confirm the
hypothesis of Labonte and Federle [23] that the partial sliding of the attached spatula pad could
be one of the reasons for increased pull-off forces at small peeling angles. It should be noted that
the curve for θp = 90
◦, as discussed in section 4.2, corresponds to tangentially-constrained peeling
i.e. applying the displacement u¯ on the right end CD in the y-direction while it is constrained in
the x-direction. This results in the generation of considerable friction forces. Hence, this is not
equivalent to pulling the strip with a force acting perpendicular to the substrate, which implies
zero friction forces.
5.2.1 Comparison with analytical models
The dependency of the maximum pull-off force on the corresponding force angle α (at point C in
Figure 5) as obtained by the current model is compared with that of Kendall’s peeling model [19]
and the frictional sliding model of [27] in Figure 11. It can be observed that the current model
predicts a similar trend as that of the other two models: the pull-off force is high for very low
force angles and rapidly decreases as the force angle is increased. This behaviour is also consistent
with experimental observations and other analytical models [17, 20, 63, 23]. However, the current
16
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Figure 10: Evolution of the strain energy with the applied displacement u¯ for different peeling angles
θp. Here, ER
3
0 = 2 nN·nm.
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Figure 11: Comparison of different peeling models.
coupled adhesion-friction model predicts larger pull-off forces than those of Kendall’s [19] and the
frictional sliding model of [27]. This is due to the non-zero bending stiffness of the strip.2 Also,
as α increases, all the three curves approach each other. However, even for vertical pulling i.e.
α = 90◦, the effect of non-zero bending stiffness still contributes to slightly larger pull-off forces
and is discussed in section 5.4.
5.2.2 Estimation of the pull-off force at seta level
Although there have been no direct measurements of forces at the spatula level in the literature,
Autumn et al. [5, 6] observed a maximum friction force of approximately 200µN and a maximum
normal force of 20−40 nN for a single seta. Taking the number of spatulae per seta to be 100−1000
2The non-zero bending stiffness implies a bending moment at end CD.
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[17], the maximum friction and normal forces for a single spatula are estimated to be 200−2000 nN
and 20− 400 nN, respectively. The values, 1723 and 174 nN obtained here (see Figure 9), fit well
within these ranges.
At first these maximum friction and adhesion forces obtained here might appear to be an
overestimation when summed over the maximum limit of 1000 spatulae per seta. However, it can
be observed from Figure 11, that these values correspond to a very low force angle α = 5.77◦.
Tian et al. [17] calculated a maximum friction force of 900 nN at a force angle close to α = 8◦.
The corresponding friction force obtained in the current work is 1139 nN. The difference between
these observations can be attributed to the fact that in case of Tian et al. [17], the strip thickness
is h = 5 nm and the friction coefficient µs = 0.2. Whereas, the current results are for h = 10 nm
and µs = 0.3 and both of these parameters influence the pull-off forces. This is discussed in detail
in section 5.4.1.
Moreover, when a seta attaches to a substrate after a perpendicular preload and parallel drag
[5] it is not clear as to whether all the spatulae adhere to the surface or not. It is also doubtful that
all the spatulae reach their force maximum at the same time. In the experiments of Huber et al.
[16] only a fraction of all spatulae adhered to the substrate. This shows that not all the spatulae
adhere even after a considerable parallel drag of the seta. This behaviour was also observed at
the animal level by Eason et al. [63], who measured the stress distribution and contact area on
the toes of geckos. They observed that the stress distribution is non-uniform owing to the fact
that a significant portion of the setal arrays on the gecko toes did not adhere to the substrate.
Moreover, even if all the spatulae are in contact with the substrate, it is not clear at what angles
spatulae shafts are inclined and at what angles they experience pull-off forces. As it will be shown
in section 5.3, the shaft angle significantly affects the maximum pull-off forces reached during
peeling.
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Figure 12: Assumed spatula distributions for different peeling angles.
Based on the setal density and branching characteristics, it is estimated that there are around
512 spatulae per seta [51]. To get an estimate of the total friction force per seta, two different
spatula distributions are considered here. In the first distribution (Figure 12a), spatulae follow
a normal distribution and experience the applied displacement u¯ at a mean angle of θp = 50
◦.
By summing the maximum frictional forces per spatula at different peeling angles obtained in
section 5.2 for this distribution, a total friction force of 422µN per seta is obtained. Similarly, for
the distribution in Figure 12b, in which 60% of total spatulae experience the applied displacement
u¯ at angles ≤ 30◦, the total friction force per seta is equal to 606µN. However, these values
correspond to the case when all the spatula are initially lying flat on the substrate i.e. θsh = 0
◦
and experiencing forces at very low angles 5◦−20◦. But, it is shown in section 5.3 the pull-off forces
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are also affected by the angle at which the spatula shafts are inclined to the substrate. Changing
the shaft angle from 0◦ to 90◦ decreases the pull-off forces by as much as close to 2.5 times. Hence,
it is reasonable to conclude that the maximum frictional force of 200µN measured by Autumn
et al. [5] has to be understood as the summation of all the spatulae interactions accounting for
different spatulae inclinations and pulling angles. However, as pointed out by Puthoff et al. [51],
it should be noted that the spatula distribution and the pull-off forces follow more sophisticated
statistical principles than the rough estimates considered here.
5.3 Influence of the shaft angle
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Figure 13: Evolution of the bending moment Mb with the applied rotation θ. Here, ER
3
0 = 2 nN·nm.
Figure 14: Deformed configurations of the strip for various rotation angles. The colorbar shows the
normalised stresses I1/E = tr(σ)/E.
In order to understand the influence of the shaft angle θsh on the pull-off forces, it is varied for
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a given peeling angle θp. This is achieved by first applying the rotation angle θsh at the right end
of the strip (CD), and then applying the displacement u¯ to that end at an angle θp, see Figure 4b.
Figure 13 shows the evolution of the bending moment Mb that is required to achieve the
desired shaft angle θ = θsh. It can be observed that this bending moment reaches a constant value
after a certain angle. The deformed configuration of the strip at different shaft angles is shown in
Figure 14.
Once the desired spatula shaft angle is obtained, the spatula is peeled-off by applying a dis-
placement at a peeling angle of θp = 90
◦. Figure 15 depicts the variation of the resultant pull-off
forces for various spatula shaft angles. It can be observed that for a given peeling angle θp, the
pull-off forces decrease as the spatula shaft angle increases. This is due to the fact that as the
shaft angle increases, the spatula pad area that is still in contact with the substrate decreases
as shown in Figure 14. As a result, the force that is required to detach the spatula from the
substrate reduces. It can also be observed that the influence of the shaft angle is more pronounced
for θsh > 60
◦, as the maximum force reached decreases more rapidly. This can also be understood
by examining the deformed configurations in Figure 14. Here, it is clear that there is not much
change in the spatula pad area for small shaft angle. It is only after θsh > 60
◦ that the spatula
pad area still-in-contact reduces more rapidly.
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Figure 15: Evolution of the resultant pull-off force Fres with the applied displacement u¯ for different
shaft angles θsh and peeling angle θp = 90
◦.
5.4 Influence of bending stiffness
In this section the influence of bending stiffness on the pull-off forces is studied by varying the
strip thickness h and the material stiffness E (via material paramter γW).
5.4.1 Strip thickness
Figure 16 shows the influence of the spatula thickness h on the variation of the maximum re-
sultant pull-off forces with peeling angle θp. It can be observed that as the thickness increases
the maximum pull-off force achieved during the peeling increases. As the thickness increases, the
bending stiffness of the spatula increases and a higher force is needed to peel the spatula from
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Figure 16: Evolution of the maximum resultant pull-off force Fmaxres with the peeling angle θp for different
strip thicknesses.
the substrate. However, as observed from Figure 16, this increase in the pull-off force is more
significant for low h than for high h. This is clear from the fact that the minimum increase in the
pull-off force for h = 5 to h = 10 nm is equal to 25%, whereas the maximum increase in pull-off
force is only 22% for the increase h = 10 to h = 15 nm. At first, this increase in adhesion with
spatula thickness might lead us to conclude that a large thickness is preferred. Geckos generate
a large amount of friction and adhesion by increasing the area of contact with the help of the
large number of thin spatulae. Although increasing the spatula thickness generates more adhesive
forces, it also increases the volume (and mass) of the gecko body faster than the increase in the
surface area [64] which for a dynamic species like gecko is undesirable. Rizzo et al. [65], in their
investigation of the gecko spatula with an electron microscope, observed that the thickness of the
gecko spatula pad is only 5− 10 nm. It has also been suggested by Persson and Gorb [64] that the
spatula pad thickness needs to be approximately 5−10 nm, in order for it to be compliant enough
to adhere to a variety of substrates which in nature are mostly rough.
5.4.2 Material stiffness
Geckos inhabit a wide range of environments such as tropics, urban, and deserts. As such, they
have to endure changes in geographical and atmospheric conditions such as the temperature,
wetness, and relative humidity (moisture) [70]. It has been experimentally observed that the
humidity greatly affects the mechanical properties of gecko setae [68, 69, 70]. Prowse et al. [69]
observed that at 80% relative humidity (RH), the complex elastic modulus E∗3 of a single gecko
decreased to one-third of its value at dry conditions. The elastic modulus E has been found to
decrease by a factor of 1.73 when RH increased from 30% to 80% i.e. the seta material becomes
softer. This has been observed to affect the adhesion capabilities of the geckos [68]. Hence, it would
be helpful to study how these changes in mechanical properties affect the adhesion behaviour using
the current computational model.
The variation of the maximum resultant pull-off force with peeling angle θp for different values
3|E∗| =
√
(E′)2 + (E′′)2, where E′ and E′′ denote the storage and loss moduli, respectively.
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Figure 17: Evolution of the maximum resultant pull-off force Fmaxres with the peeling angle θp for different
material stiffness.
of material stiffness E is shown in Figure 17. This is achieved by changing the material parameter
γW. From the definition in Eq. (6), it is clear that an increase in γW corresponds to an increase
in the material stiffness. It can be seen that as the material stiffness decreases the pull-off force
increases. This is due to the fact that as the stiffness decreases, the spatula becomes more com-
pliant and adheres to the substrate more readily. This is illustrated in Figure 18. Here, it can
be seen that at a given shaft angle of θsh = 90
◦, the strip with lower material stiffness has more
pad area that is still in contact with the substrate. Moreover, the stress developed at the peeling
front increases as the material stiffness decreases. Hence, the force required to peel off the spatula
increases. The current results allow for a better insight into this complex system, which in turn
allows for designing better gecko inspired synthetic adhesives.
5.5 Vertical pulling and spatula detachment
Despite generating high attachment forces, geckos can detach from a substrate in just 20ms and
with very small force [66]. However, for the case of tangentially-constrained peeling discussed so
far, it can be observed that at the point of detachment (shown by point “e/E” in Figure 5) the
pull-off forces are still quite high (see Figures 7 and 8). So, in order to facilitate quick detachment
with small force, the frictional forces should vanish. This can be achieved through tangentially-free
peeling as described in section 4.2. As the spatula is pulled perpendicular to the substrate, this
type of peeling is referred to as “vertical pulling” here.
The evolution of the corresponding resultant forces with the applied displacement u¯ for various
shaft angles θsh is plotted in Figure 19. For this case, the tangential forces are zero by design.
It can also be observed that, as the shaft angle increases, the maximum pull-off force decreases.
This is similar to the behaviour observed in section 5.3 for tangentially-constrained peeling. The
maximum pull-off force is lowest for θsh = 90
◦ and is equal to 12.62 nN. This value is close to the
value of 10 nN observed by Huber et al. [16] in their experiments, where the spatulae shafts are
inclined at 90◦ and are pulled vertically. This result is also within the range of 2− 16 nN obtained
experimentally by Sun et al. [67] for vertical pulling of the spatula. These results also match
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Figure 18: Deformation and stress for different material stiffness for a rotated configuration of θsh = 90
◦.
The colorbar shows the normalised stresses I1/E = tr(σ)/E.
well with the beam results of Sauer [38]. Therefore, gecko spatulae can detach with very small
amount of force by changing the shaft angle θsh to 90
◦ and then peel like a tape perpendicular to
the substrate as shown in Figure 20.
It has been observed that during the attachment step, geckos perform a roll in action to grip
their toes when they adhere to a substrate and they peel off their toes while detaching (which is
called digital hyperextension) [6, 11]. The gripping action causes the setae to slide very slightly
and brings the spatulae in contact with the substrate. At the same time, this gripping action
also changes the angle between the setal shaft and the substrate, which in turn decreases the
angle between the spatula shaft and the substrate [17]. This dragging at a low angle causes the
spatulae to stretch [20, 40], increasing the stored strain energy (see Figures 5 and 10). This
corresponds to tangentially-constrained peeling: As shown in sections 5.1 to 5.4 (see Figures 7
to 11) the spatulae stretch and very high maximum pull-off forces are reached at small resultant
force angles. Similarly, when the gecko hyperextends its toes to disengage from the substrate this
again changes the angle between the seta shaft and the substrate. Rolling out the toes results in a
lever action of the setal shafts as described by Tian et al. [17]. Autumn et al. [46] observed that
the seta spontaneously detaches from the substrate when the angle between seta shaft and the
substrate increases above 30◦. At the spatula level, these actions increase the angle between the
spatula shaft and the substrate to 90◦ and one by one each spatula disengages from the substrate.
This spatula disengagement corresponds to tangentially-free peeling: As seen from the results in
Figure 19 this action requires very small amount of force.
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Figure 19: Evolution of the resultant pull-off force Fres = FN with the applied displacement u¯ for
different shaft angles θsh for vertical pulling (where FT = 0).
Figure 20: Deformed configurations of the strip for vertical pulling with θsh = 90
◦ at various applied
displacements u¯. The colorbar shows the normalised stresses I1/E = tr(σ)/E.
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6 Conclusions
Peeling of gecko spatulae is studied using a two-dimensional strip model. A continuum-based
coupled adhesion-friction formulation implemented within a nonlinear finite element framework
is employed to investigate the peeling behaviour of the spatula. It is shown that during peeling,
the spatula stretches due to partial sliding of the spatula pad at the peel front leading to an
increase in the strain energy of the spatula. This in turn increases the amount of maximum pull-
off force required to detach the spatula from the substrate. The influence of different parameters
on the tangentially-constrained peeling of the spatula is also investigated in the present work. The
results are summarized in Table 1. Further, using tangentially-free peeling, it is shown that the
easy detachment of the spatula is facilitated by changing the spatula shaft angle and then pulling
vertically. The current computational model is not limited by the geometrical, kinematical, and
material restrictions of theoretical models. As such, it can be employed in the future to study rate
effects, seta peeling, and peeling of other biological adhesive systems.
Table 1: Influence of different parameters on the pull-off forces in tangentially-constrained peeling.
No. Parameter Variation Pull-off forces
1. Peeling angle θp decreases increases
2. Shaft angle θsh decreases increases
3. Strip thickness h decreases decreases
4. Material stiffness E decreases increases
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